This article summarizes our study of the price elasticity of demand 1 for home appliances, including refrigerators, clothes washers and dishwashers. In the context of increasingly stringent appliance standards, we are interested in what kind of impact the increased manufacturing costs caused by higher efficiency requirements will have on appliance sales. We chose to study this particular set of appliances because data for the elasticity calculation was more readily available for refrigerators, clothes washers, and dishwashers than for other appliances.
We begin with a review of the existing economics literature describing the impact of economic variables on the sale of durable goods. We then describe the market for home appliances and changes in it over the past 20 years. We conclude with summary and interpretation of the results of our regression analysis and present estimates of the price elasticity of demand for the three appliances.
Literature Review
There are relatively few studies measuring the impact of price, income and efficiency on the sale of household appliances. In this section we provide a short review of this literature which suggests the likely importance of these variables.
Price
The goal of many of the studies covered in this review is to measure the impact of price on sales in a dynamic market. One study of the automobile market prior to 1970 finds the price elasticity of demand to decline over time. The author explains this as the result of buyers delaying purchases after a price increase but eventually making the purchase out of necessity (Table 1.1) . 2 A contrasting study of household white goods also prior to 1970, finds the elasticity of demand to increase over time as more price-conscious buyers enter the market.
3 A recent analysis of refrigerator market survey data finds that consumer purchase probability decreases with survey asking price. 4 Estimates of the price elasticity of demand for different brands of the same product tend to vary. A review of 41 studies of the impact of price on market share found the average brand price elasticity 5 to be -1.75. 6 The average estimate of price elasticity of demand reported in 1 Price elasticity is the percent change in shipments given a percent change in price. these studies is -0.33 in the appliance market and -0.47 in the combined automobile and appliance markets.
Income
Higher income households are more likely to own household appliances. 7 The impact of income on appliance shipments is explored in two econometric studies of the automobile and appliance markets.
8 9 The average income elasticity of demand is 0.50 in the appliance study cited in the literature review; the average income elasticity is much larger in the automobile study. 
Notes:
6 Logit probability results are not directly comparable to other elasticity estimates in this table. 7 Average brand price elasticity across 41 studies.
Appliance Efficiency and Discount Rates
Many studies estimate the impact of appliance efficiency on consumer appliance choice. Typically, this impact is summarized by the implicit discount rate, i.e., the rate consumers use to compare future appliance operating cost savings against an appliance purchase price premium. One early and much cited study concludes that consumers use a 20% implicit discount rate when purchasing room air conditioners (Table 1. 2). 10 A survey of several studies of different appliances suggests that the average consumer implicit discount rate is about 37%.
11 In Section 3, we use a discount rate of 37% to estimate discounted operating costs, based on appliance efficiency. The implications of a 20% discount rate are considered in Appendix A. 
VARIABLES DESCRIBING THE MARKET FOR REFRIGERATORS, CLOTHES WASHERS, AND DISHWASHERS
In this section we evaluate variables that appear to account for refrigerator, clothes washer and dishwasher shipments, including physical variables and economic variables.
Physical Household and Appliance Variables
Several variables influence the sale of refrigerators, clothes washers and dishwashers.
The most important for explaining appliance sales trends are the annual number of new households formed (housing starts) and the number of appliances reaching the end of their operating life (replacements). Housing starts influence sales because new homes are often provided with -or soon receive -new appliances, including dishwashers and refrigerators. Replacements are correlated with sales because new appliances are typically purchased when old ones wear out. In principle, if households maintain a fixed number of appliances, shipments should equal housing starts plus appliance replacements.
Economic variables
Appliance price, appliance operating cost and household income are important economic variables affecting shipments. Low prices and operating costs encourage household appliance purchases and a rise in income increases householder ability to purchase appliances. In principle, changes in economic variables should explain changes in the number of appliances per household.
During the 1980 -2002 study period, annual shipments grew 69% for clothes washers, 81% for refrigerators and 105% for dishwashers (Table 2 .1). This rising shipments trend is explained in part by housing starts, which increased 6% and by appliance replacements, which rose between 49% and 90% over the period ( 
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Nevertheless, it is apparent that appliance shipments increased somewhat more rapidly than housing starts and replacements. This is shown by comparing the beginning and end points of lines representing "starts plus replacements" (uppermost solid line) and "shipments" (diamond linked line) (Chart 2.1). In 1980 the "shipment" line begins below the "starts plus replacements" line. In 2002, the "shipments" line ends above the "starts plus replacements" line. This more rapid increase in shipments, compared to housing starts plus replacements, suggests that the appliance per household ratio increased over the study period.
Chart 2.1 Trends in Appliance Shipment, Housing Starts and Replacements
Economic variables, including price, cost and income, may explain this increase in appliances per household. Over the period, appliance prices increased 40% to 50%, operating costs fell between 33% and 72% and median household income rose 16% (Table 2 .2). Millions .
REGRESSION ANALYSIS OF VARIABLES AFFECTING APPLIANCE SHIPMENTS
Little data is available for estimating the impact of economic variables on the demand for appliances. Industry operating cost data is incomplete -appliance energy use data is available for only 12 years of the 1980-2002 study period. Industry price data is also incomplete -available for only 8 years of the study period for each of the appliances.
The lack of data suggests that regression analysis can at best evaluate broad data trends, utilizing relatively few explanatory variables. In this section we begin by describing broad trends apparent in the economic and physical household data sets. We then specify a simple regression model to measure these trends, making assumptions to minimize the number of explanatory variables. Finally, we present results of the regression analysis and our estimate of the price elasticity of demand for appliances. In an appendix, we also present the results of regression analysis performed with more complex models, and used to test assumptions made to specify the simple model. These results support the simple model specification, and estimates of the price elasticity of appliance demand measured with that model.
Broad Trends
In this section we review trends in the physical household and economic data sets and posit a simple approach for estimating the price elasticity of appliance demand. As noted above, the physical household variables (starts and appliance replacements) explain most of the variability in appliance shipments over the period. 13 We assume the rest of the variability in shipments (residual shipments) is explained by economic variables, and present a tabular method for measuring price elasticities described below.
To illustrate this tabular approach, we define two new variables -residual shipments and total price. Residual shipments are defined as the difference between shipments and physical household demand (starts plus replacements). Total price is defined as appliance price plus the present value of lifetime appliance operating cost.
14 Over the study period, residual shipments increase 30% for refrigerators, 19% for clothes washers and 23% for dishwashers in proportion to total shipments. At the same time, total prices decline 47%, 45% and 48% for refrigerators, clothes washers and dishwashers, respectively. Assuming that total price explains the entire change in per household appliance purchases, we calculate a rough estimate of the total price elasticity of demand equal to -.48 for refrigerators, -.32 for clothes washers and -.37 for dishwashers (Table 3 .1). 13 A log linear regression of the form: Shipments = a + b (Housing starts) + c (Retirements), indicates that these two variables explain 89% of the variation in refrigerator shipments, 97% of the variation in cloths washer shipments and 97% of the variation in dishwasher shipments. 14 Present value operating cost is calculated assuming a 19 year operating life for refrigerators, 14 year operating life for washing machines and a 12 year operating life for dishwashers. A 37% discount rate is used to sum annual operating costs into a total present value operating cost. The negative correlation between total price and residual shipments suggested by these negative price elasticities is illustrated in a graph of residual shipments and total price (Chart 3.1).
Chart 3.1 Residual Shipments and Appliance Price
Household income rose during the study period, making it easier for households to purchase appliances. Assuming that a rise in income has a similar impact on shipments as a decline in price, we incorporate the impact of income by defining a third variable, termed relative total price, calculated as total price divided by household income. 15 The percent decline in relative price for the three appliances divided by the percent change in residual shipments suggests a rough estimate of relative price elasticity equal to -.40 for refrigerators, -.26 for clothes washers and -.30 for dishwashers (Table 3 .2). 
Residual Shipments Relative Total Price
15 Recall that the income elasticity of demand cited in the literature review is .50 and the price elasticity of demand cited in the review averages -.35. This suggests that combining the effects of income and price will yield an elasticity less negative than price elasticity alone. 
Model Specification
The limited price data suggests using a simple regression model to estimate the impact of economic variables on shipments, using few explanatory variables. The natural logs are taken of all variables so that the estimated coefficients for each variable in the model may be interpreted as the percent change in shipments associated with the percent change in the variable. Thus, the coefficient b in this model is interpreted as the relative price elasticity of demand for the three appliances.
A combined regression equation is used to estimate an average price elasticity of demand across the three appliances, using pooled data in a single regression (Equation 3 .2). A combined regression specification is justified, given limited data availability and similarity in price and shipment behavior across appliances (Chart 3.1). Thus, the model represented by the combined regression equation is considered the basic model in our analysis of appliance shipments.
Equation 3.2 Shipments = a + b (Relative Price) + c (Starts+Replacements) + d (CW) + e (DW) 18
Model Discussion
The most important assumption used to specify this model is that changes in economic variables over the study period -income, price and operating cost -are responsible for all observed growth in residual appliance shipments. In other words, we assume other possible explanations, such as changing consumer preferences and increases in the quality of appliances, had no impact. This assumption seems unlikely but without additional data, the impact of this assumption on the price elasticity of demand cannot be measured. We effectively assume that changes in consumer preferences and appliance characteristics, while affecting which specific models are purchased, have relatively little impact on the total number of appliances purchased in a year.
Three additional assumptions used to specify this model deserve comment. The relative price variable is specified in the model, assuming that (1) the correct implicit discount 16 Shipments is the quantity of appliances sold, housing starts is the number of new homes, replacements is the number at the end of their operating life and ability to pay is defined in footnote (15) 8 rate is used to combine appliance price and operating cost and that (2) rising income has the same impact on shipments as falling total price. The starts + replacements variable is specified, assuming (3) that starts and replacements have similar impacts on shipments.
To investigate the first assumption about discount rates, we calculated "present value operating cost" using a 20% implicit discount rate and performed a second regression analysis of equation 1. The results of this analysis, presented in Appendix A, indicate that the elasticity of relative price is relatively insensitive to changes in the discount rate.
To investigate the second and third assumptions, we specified a regression model separating income from total price and replacements from starts, thus adding two additional explanatory variables to the basic model (Equation 3.3) . The results of the regression analysis of this model are also presented in Appendix A. These results suggest that the elasticity of total price (coefficient b) is relatively insensitive to changes in the treatment of income and starts + replacements in the model.
ANALYSIS RESULTS
Individual Appliance Model
The individual appliance regression equations are specified as described in equation 3.1. In regression analysis of this model, the elasticity of relative price (b) is estimated to be -0.4 for refrigerators, -0.31 for clothes washers and -0.32 for dishwashers (Table 6) , averaging -0.35. These elasticities are similar to those reported in the literature survey for appliances (Table 1 .1). They are remarkably similar to the price elasticity calculated using a tabular approach presented above (Table 3 .2).
The estimated coefficient associated with the starts + replacements variable is close to one. A coefficient equal to one for this variable would imply that shipments increase in direct proportion to an increase in starts + replacements, holding economic variables constant. The high R-squared values (above 95) and t-statistics (above 5) in the results provide a measure of confidence in this analysis, despite the very small data set. 
Combined Appliance Model
The combined appliance regression equation is specified as described in equation 3.2. Our regression analysis indicates that the model fits the existing shipments data well (high R-squared) and that the variables included in the model are statistically significant (Table 4 .2). The elasticity of relative price estimated with this model is -0.34, close to the average value estimated in the individual appliance models (-0.35) . It is also similar to elasticity estimates reported in the literature survey and calculated using the tabular approach above. 
CONCLUSION
At the beginning of this report, we describe the results of a literature search, tabular analysis and regression analysis of the impact of price and other variables on appliance shipments. In the literature, we find only a few studies of appliance markets that are relevant to this analysis, and no studies using time series price and shipments data after 1980. The information that can be summarized from the literature, suggests that the demand for appliances is price inelastic. Other information in the literature suggests that appliances are a normal good, such that rising incomes increase the demand for appliances. Finally, the literature suggests that consumers use relatively high implicit discount rates, when comparing appliance prices and appliance operating costs.
There is not enough price and operating cost data available to perform complex analysis of dynamic changes in the appliance market. In this analysis, we use data available for refrigerators, clothes washers and dishwashers to evaluate broad market trends and to perform simple regression analysis.
These data indicate that there has been a rise in appliance shipments and a decline in appliance price and operating cost over the period. Household income has also risen during this time. To simplify the analysis, we combined the available economic information into one variable, termed relative price, and used this variable in a tabular analysis of market trends, and a regression analysis.
Our tabular analysis of trends in the number of appliances per household suggests that the price elasticity of demand for the three appliances is inelastic. Our regression analysis of these same variables suggests that the price elasticity of demand is -.35, averaged over the three appliances. The price elasticity is similar to estimates in the literature. Nevertheless, we stress that the measure is based on a small data set, using very simple statistical analysis. More important, the measure is based on an assumption that economic variables, including price, income and operating costs, explain most of the trend in appliances per household in the United States since 1980.
Changes in appliance quality and consumer preferences may have occurred during this period, but they are not accounted for in this analysis. The capacity of most appliances has increased since 1980, and it is likely that there have been increases in quality and durability as well. If these factors have impacted the sales of appliances, our estimate of the price elasticity of demand is an over-estimate, since some of the increases in sales over the 1980-2002 time period would have been driven by changing preferences rather than decreasing prices.
APPENDIX A. ADDITIONAL REGRESSION SPECIFICATIONS AND RESULTS
As mentioned above, the implicit price variable in the basic regression model is specified using a 37% implicit discount rate, to aggregate appliance price and operating cost. In addition, the implicit price variable is defined assuming that rising income has the same impact on shipments as falling total price. Similarly, the Starts+Replacements variable is defined assuming that housing starts have a similar impact on shipments as appliance replacements.
A.1 Lower Consumer Discount Rate
To investigate the first assumption about discount rates, we calculated "present value operating cost" using a 20% implicit discount rate and performed a second regression analysis of equations 3.1 and 3.2. The estimated coefficient associated with the relative price variable in these regressions is almost identical to the coefficients estimated for same variable reported above using a 37% implicit discount rate. The elasticity of relative price calculated using a 20% discount rate is -.33 in the combined regression and averages -.35 for the three appliances (Table  A .1). The elasticity of price calculated using a 37% discount rate is -.34 in the combined regression and averages -.35 for the three appliances. We conclude from this analysis that the elasticity of relative price is relatively insensitive to changes in the discount rate. 
A.2 Disaggregated Variables
To investigate the second and third assumptions, we constructed a regression model separating income from total price and replacements from starts, thus adding two additional explanatory variables to the basic model (Equation A.1). The estimated coefficient associated with the total price variable in these regressions is almost identical to the coefficients estimated for the relative price variable reported above. The elasticity of total price in Equation A.1 is -.36 in the combined appliance regression and averages -.35 for the three appliances (Table A. 2). The elasticity of relative price in Equation 3.2 is -.34 in the combined regression and averages -.35 across the individual appliances (Tables 4.1 and 4 .2). We conclude that the price elasticity calculated in this analysis is relatively insensitive to the specification of household income and starts + replacements variables in the model. 
